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The construction of new proteins has become one of the most fascinating prospects in the field of p ep tide chemistry [1] , A milestone on the way to this goal was the development of the recom binant DN A technique [2] , allowing -in principle -the synthesis of any arbitrary amino acid sequence. On the other hand, the question how a given prim ary sequence folds into its unique tertiary structure is open so far [3] , Furtherm ore the ability to attain a defined three-dimensional conform ation seems to be re stricted to a vanishingly small num ber of amino acid sequences [1] , Consequently, the critical hurdle on the way to proteins with unnatural (nonhom ologous) amino acid sequences is the elucidation of the rela tionship between primary and tertiary structure. R e cent progress in the study of the topology and the folding mechanism of proteins has provided consid erable insight into the rules governing the threedimensional architecture of proteins [3 -6] . For example, the increasing amount of X-ray crystallographic data revealed that only a small num ber of folding topologies exists, enabling a classification of proteins by patterns of similar tertiary structure [5] [6] [7] [8] . Folding units with a specific spatial arrange ment of secondary structure blocks ('supersecondary structures') seem to be a basic element of protein structure [9, 10] , Most notably, their topological fea tures are not bound to a specific amino acid sequence ('degenerate folding code'). They can be considered as independently foldable segments along the protein sequence and reflect the minimum chain length necessary for tertiary structure formation [1, 11] . As an example the general topology of ß a ß -folding units is illustrated in Fig. 1 .
There is an increasing evidence that secondary and supersecondary structures play a dominant role in the process of protein folding [5, 6, 12] , Thus, the acces sibility of polypeptides having the propensity to fold into a supersecondary structure-like three-dim en sional conformation would provide a powerful tool in the elucidation of the mechanism of protein folding. In the present contribution the design, synthesis and conform ational properties of ßaß-type folding units are described. For the first time our recently proposed strategy for the construction of new pro teins [1] is applied.
Design of Artificial ß a ß -Folding Units
So far, the design of model peptides with the po tential for tertiary structure form ation was mainly based on conform ational probability param eters for single amino acids [13 -16] .
A lternatively to this approach, in our concept for the design of 'artificial proteins' some of the basic rules governing protein folding are taken into ac count: Extensive investigations by molecular m odel ling revealed a high degree of homology for the to pological features of ß a ß -units in a variety of pro teins with very different size and functions [17] . Especially the geometry of the parallel /3-strands and the overlying a-helix is highly conserved, pointing to the stabilization of the structure by hydrophobic in teractions between strand and helix residues forming the interior core of the folding unit.
According to these foundations, amphiphilic oligopeptide blocks adopting stable secondary struc tures in solution are assembled in a way to match the arrangem ent of secondary structure blocks in natu rally occurring folding units. The amphiphilic nature of the helices and /3-sheets acts as a major driving force for intram olecular folding, resulting in the for mation of a hydrophobic core and a hydrophilic sur face of the ß a ß -unit.
Due to the lack of any stabilization by long-range interactions the intrinsic stability of the helical and /3-sheet segments is of utmost importance for the folding into a stable tertiary structure. For this reason the detailed knowledge of the conformational properties of the single secondary structure blocks is a basic prerequisite for the construction of artificial folding units. These informations were obtained by numerous investigations dealing with the secondary structure forming potential of amphiphilic oligopep tides [18] [19] [20] ; for the present approach the following results are relevant:
(i) Oligopeptides with alternating hydrophilic and hydrophobic amino acid residues are capable for /3-structure form ation in aqueous solution if the hy drophobic residues are strong /3-formers, e.g.
(L e u -S e r)", (V al-T h r)", (Ile -T h r)", (Ile-G ln )". The critical chain length for secondary structure for mation is in the range as observed for hydrophobic homooligopeptides [18, 19] . As an example the CD spectrum of TFA • H -Ile -(G in-Ile)2-G ly-PEGM in water is shown in Fig. 2 . The spectrum exhibits the typical properties for peptides adopting a /3-sheet conformation (strong negative Cotton effect at 216 nm).
(ii) The construction of stable amphiphilic helices is achieved by incorporation of a sufficient num ber of the strongly helix-inducing Aib residue on the hy drophobic side of the helical cylinder [20] .
The above considerations resulted in the de sign of a model sequence MI with yö-sheet seg ments consisting of alternating Leu and Ser re sidues [18] and the stable amphiphilic helix P ro -A la-A ib-[G lu-A la-A la-Aib]2-A la -Aib [20] as the central part of the structure*:
Ser was chosen as hydrophilic amino acid within the /3-structure blocks in order to enhance the solu bility in water. On the other hand, Leu was selected as hydrophobic residue as a result of studies by molecular modelling [17] , suggesting a somewhat greater flexibility in intram olecular packing com pared to Val or lie.
The lengths of the secondary structure blocks cor respond to the average chain lengths of these seg ments within ß a ß -units in proteins (4 -7 for ^-sheets, 10-15 for a-helices) [22] .
In the design of a second model M il optimization of intram olecular packing was perform ed by molecu lar modelling [17] . As starting sequence for the op timization procedure a model was chosen containing an amphiphilic helical segment with three Leu re sidues on its hydrophobic side (see above) and /3-strands consisting of (Gin -Ile)-units. Minimiza tion of conformational strain for the hydrophobic re sidues in the interior of the folding unit suggested partial substitution of lie by Val, resulting in the fol lowing optimized sequence MIL
Additionally, charged residues were incorporated at positions enabling favourable interactions be tween pairs of opposite charges. It could be shown by molecular modelling that salt bridges are form ed be tween Lys-1 and Glu-29 as well as Lys-7 and the C-terminal Gly when the molecule adopts a ßaß-like conformation. The stability of the amphiphilic helical block in the central part of the molecule was guaranteed by the insertion of three helix-inducing Aib residues on the hydrophobic side of the helical cylinder [20] . For the loop-regions residues with high frequency of occurrence in the loops of proteins were used in both peptides (Gly, Pro, Ser) [16] . Furtherm ore the incorporation of hydrophilic loops (4-7 residues in length as found in proteins) supports favourable in teractions with the hydrophilic solvent and enhances the solubility of the peptide in water.
Peptide Synthesis
The synthesis of m odel M I was performed accord ing to the general principles of the Liquid-Phase M ethod for peptide synthesis [23] . The acid-labile BOC-protecting group was used for N"-protection and Bzl groups were employed for the protection of the side chains of Ser and Glu. The recently de veloped base-labile CFm-anchoring group [24] served as a reversible link between polymer and pep tide chain. A fter esterification of the anchor with B O C -Gly anhydride further chain elongation was achieved mainly by a segment condensation strategy using activated dipeptides as coupling units. Besides the reduced num ber of coupling steps and the pre vention of diketopiperazine form ation, the simul taneous incorporation of hydrophilic and hydrophobic residues, e.g.
ensures the correct arrangem ent of hydrophilic and hydrophobic amino acids within the amphiphilic secondary structure blocks. The use of B O C -A la-Aib -OH accounts for any difficulties arising from couplings to the sterically hindered Aibresidue [25] .
A fter completion of stepwise synthesis, the pep tide was cleaved from the polymeric support by treat ment with piperidine/D M F; side chain protecting groups were rem oved by catalytic hydrogenation and the peptide was subsequently chrom atographed on Sephadex LH 20 and on silica gel. Amino acid analy sis after acid hydrolysis gave the expected ratios. The deprotected PEG -peptide (MI -PEGM ) was ob tained by treatm ent of the fully protected precursor with HBr/TFA.
Special attention was drawn to conformationally induced changes in the physico-chemical properties of the growing protected peptide chain throughout the synthesis. The close relationship between the physico chemical properties of a peptide and its preferred conform ation is well established [26] [27] [28] and has been shown to be of fundam ental importance for the practice of peptide synthesis [26, 29, 30] . For exam ple, the form ation of /^-structures in solution leads to a drastic decrease in the solubility of the peptide as well as a reduced reactivity in the coupling reaction. These observations were also confirmed during the synthesis of peptide MI, where ß-structure formation resulted in a strong decrease in the solubility for the nonapeptide [Ser(Bzl) -Leu]4-G ly-CFm -PEGM ; at the same time a significantly reduced sensitivity of the ninhydrin reaction was detected (about 50% loss compared to Ser(Bzl) -Leu -Gly -C Fm -PEG M ), reflecting the reduced reactivity of the terminal N H 2-groups. The latter result points to the importance of the conformational properties also for analytical con trol procedures commonly used in polymer-sup ported peptide synthesis.
With further chain elongation a conformational transition ^-structure -» helix/r.c. was observed, re sulting in a continuous improvement of the solubility of the peptide. For example, the amide I region of the IR-spectrum for the 24-peptide in CH 2C12 is dominated by a strong absorption around 1675 cm -1, a much w eaker band at 1630 cm -1 indicating only small amounts of /0-structure. This pattern of the IR spectrum in C H 2C12 as well as the solubility proper ties of the peptide remained essentially unchanged until the end of the synthesis.
Contrary to this finding, a further decrease of the reaction rates was observed; reaction times of 24 h or more were necessary in the last steps of the synthesis to ensure for complete coupling reactions. A possible explanation for this rem arkable behaviour may be the intramolecular aggregation of different chain seg ments, thereby reducing the accessibility of the ter minal N H 2-groups. Further work concerning these questions is in progress and a detailed study dealing with conformationally induced coupling problems in polym er-supported peptide synthesis will be pub lished elsewhere [31] .
Peptide M il was built up by a solid-phase synthesis on a polystyrene-1% DVB resin. An orthogonal pro tecting scheme was applied using the base-labile Fmoc-group [33] for Na-protection and the acidlabile f-butyl group for the protection of alcoholic and carboxylic acid side chain functions. The acidlabile HM PA group [34] was used as anchor between peptide and resin.
Peptide Incorporation of a single Gin was achieved by coupling of Fm oc-Gin -ONp in the presence of H O Bt. A fter completion of the synthesis the Fmoc protected pep tide was cleaved from the resin by 50% TFA /C H 2C12 in the presence of anisole with sim ultaneous removal of all side chain protecting groups. The peptide material obtained showed satisfactory amino acid analysis; it was used for the conform ational studies without further purification.
Conform ational Studies
In Fig. 3 the CD-spectrum of peptide MI is shown in aqueous phosphate buffer at pH 7. It is characterized by a dominating negative C ot ton effect at 219-220 nm (n-jz* transition) and a second one at 206-207 nm (jt-jt* transition), indi cating a highly ordered conform ation of peptide MI in aqueous solution even at very low concentrations. --------) and 100% TFE (......... 
. ).
It should be emphasized that (S er-Leu)3 is not able to adopt an ordered conformation under the experi mental conditions used here [18] ; thus the observed spectrum points to an intramolecular stabilization of this N-terminal block. Interestingly the spectrum is very similar to those found for a//3-proteins [34] .
The addition of 5% TFE to the aqueous solution of MI brings along a red shift of the n -Jt* transition to 224 nm, a slight blue shift for the j z -j i * transition and an increase in ellipticity for both minima (Fig. 4) .
However, the curve shape remains essentially the same as in pure aqueous solution. Raising the TFE content to 50% , a drastic change in the spectral prop erties is induced, pointing to an increase in the helicity of the peptide. The helix prom oting properties of TFE as well as its destabilizing effect on the tertiary structure of proteins are well known [35] . For this reason, the spectral changes could be rationalized by a transition from a more globular structure of MI, stabilized by intram olecular hydrophobic interac tions, to a m ore extended helical conformation in going from H 20 to TFE solutions.
The conform ational studies of peptide MI in solu tion were com plem ented by IR-spectroscopic meas urem ents in the solid state. Furtherm ore the confor m ational properties of PEG -bound MI (MI -PEGM) were studied in detail by Fourier Transform -Attenuated Reflection (F T -A TR ) -IR-spectroscopy in the solid state and in solution.
The amide I region of the spectra in the solid state (KBr-pellet) is characterized by two distinct bands at 1661 cm -1 and 1632 cm-1 for MI as well as for MI -PEGM . This clearly dem onstrates the coexist ence of /3-structure and a-helix within this model peptide [36, 37] . Thus, the polypeptide exhibits vari ous types of ordered conform ations in different parts of the chain.
The presence of different secondary structure types is also observed for MI -PEG M in aqueous solution. The amide I band of the spectrum in D 20 is centered around 1652 cm-1, two distinct shoulders being present at 1671 cm-1 and 1629 cm-1. These spectral properties are in full agreem ent with a folded state of the molecule, the 1652 cm -1 absorp tion being characteristic for the helical segment, the 1629 cm " 1 absorption for the ^-structure and the shoulder at 1671 cm -1 for the loop-regions.
Contrary to the behaviour in w ater, only one in tensive absorption at 1662 cm " 1 is visible in TFE-d3. This indicates an essentially helical conformation of the whole peptide under helix prom oting conditions and confirms the results obtained by CD spectros copy in TFE and T FE /H 20 .
Preliminary conform ational studies of M il re vealed valuable inform ation concerning the tendency of this model peptide to adopt ordered conforma tions in aqueous solutions. The CD-spectrum in aqueous buffer at pH 8 is shown in Fig. 5 .
It is characterized by a single minimum at 218 nm, reflecting a highly ordered conformation of the pep- (-------)■ tide. Most notably, a simple extended ß-structure can be excluded due to the high amount of ^-break ing amino acids [16] as well as the presence of three Aib residues [38] . Furtherm ore, the spectrum is in sensitive to dilution (not shown), indicating in tramolecular stabilization of the structure. The spec tral changes induced by the addition of 50% TFE to an aqueous solution of M il are less pronounced than in the case of MI (Fig. 5) . This points to a strong conservation of the conformation found in pure aqueous solution even in the presence of high amounts of TFE. Interestingly the type of CD pattern observed for M il is also found for a+ ß-and even for a/ß-proteins [34] . The somewhat different curve-shape compared to the spectrum of MI in pure aqueous solution may be attributed to structural rather than topological de viations of the two polypeptides.
Conclusions
The design and synthesis of two polypeptides with the potential to fold in a ß a ß -type supersecondary structure has been achieved. The data of CD-and IR-spectroscopic investigations in aqueous solution are consistent with the adoption of a folded confor mation, both molecules exhibiting high amounts of secondary structure. Most notably, the coexistence of a-helix and /3-structure has been confirmed for MI by IR spectroscopy. As the critical chain length for intermolecular /3-sheet formation of the amphiphilic blocks is not attained under the experim ental condi tions, these findings can only be rationalized by a ß a ß -type folding topology of the model peptide. Further support for the indicated structure comes from dilution experiments and conformation depend ent properties like solubility or aggregation tendency.
The general strategy applied here for the first time -the construction of folding units by the assembly of amphiphilic segments with secondary structure form ing potential -offers new perspectives for the design of polypeptides with tailor-made catalytical and im munological properties. Studies along these lines are in progress.
